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We describe a genetic system that allows in vivo screening or selection of site-specific proteases and of their
cognate-specific inhibitors in Escherichia coli. This genetic test is based on the specific proteolysis of a signaling
enzyme, the adenylate cyclase (AC) of Bordetella pertussis. As a model system we used the human immunode-
ficiency virus (HIV) protease. When an HIV protease processing site, p5, was inserted in frame into the AC
polypeptide, the resulting ACp5 protein retained enzymatic activity and, when expressed in an E. coli cya strain,
restored the Cya1 phenotype. The HIV protease coexpressed in the same cells resulted in cleavage and
inactivation of ACp5; the cells became Cya2. When the entire HIV protease, including its adjacent processing
sites, was inserted into the AC polypeptide, the resulting AC-HIV-Pr fusion protein, expressed in E. coli cya, was
autoproteolysed and inactivated: the cells displayed Cya2 phenotype. In the presence of the protease inhibitor
indinavir or saquinavir, AC-HIV-Pr autoproteolysis was inhibited and the AC activity of the fusion protein was
preserved; the cells were Cya1. Protease variants resistant to particular inhibitors could be easily distin-
guished from the wild type, as the cells displayed a Cya2 phenotype in the presence of these inhibitors. This
genetic test could represent a powerful approach to screen for new proteolytic activities and for novel protease
inhibitors. It could also be used to detect in patients undergoing highly active antiretroviral therapy the
emergence of HIV variants harboring antiprotease-resistant proteases.

Site-specific proteases play a key role in many biological
processes such as signal transduction, apoptosis, and develop-
ment (for a review, see reference 36 and references therein). In
addition, proteases are involved in the processing of polypro-
tein precursors of several viruses, such as picornaviruses and
retroviruses (17, 18). Efficient tools for characterizing specific
proteases and identifying specific inhibitors could provide new
insights into the physiological role of proteases as well as new
possibilities for therapy of infectious and noninfectious human
diseases.

Several genetic assays that can detect proteolytic activity in
vivo in bacteria as well as in yeasts have been described. They
are based on different reporter enzymes or regulatory circuit-
ries, but they have limited application (2, 6, 19, 32, 34) mainly
because their sensitivity is insufficient to allow straightforward
in vivo screening or selection procedures.

We describe here a novel bacterial genetic system in Esch-
erichia coli that allows an easy functional characterization of
proteases. This system is based on the specific proteolytically
induced inactivation of a signaling enzyme, the adenylate cy-
clase (AC) of Bordetella pertussis (8, 21). When expressed in an
E. coli strain deficient in its endogenous AC, encoded by cya,
B. pertussis AC synthesizes a regulatory molecule, cyclic AMP
(cAMP), that triggers the transcriptional activation of numer-
ous genes, including genes involved in the catabolism of car-
bohydrates (35), and gives rise to a selectable Cya1 phenotype.
The protease-mediated inactivation of AC can therefore be
easily detected as the cells turn to a Cya2 phenotype.

Here, we tested the human immunodeficiency virus (HIV)
protease for use in a model system. This protease is required
for the proteolytic processing of the polyprotein precursor

Gag/Pol into mature viral proteins (28, 37). HIV protease is
essential to generate infectious viral particles (17), and, as a
consequence, protease inhibitors are widely used in therapeu-
tic treatment of AIDS (14, 33, 39). As shown here, AC is an
exquisitely sensitive reporter for testing the proteolytic activity
of the HIV protease and its inhibition by known inhibitors.
Furthermore, we show that this genetic test is able to distin-
guish between wild-type protease and inhibitor-resistant vari-
ants (5, 11, 25) that were isolated from patients undergoing
highly active antiretroviral therapy (HAART). This approach
could be used in phenotyping resistance tests to detect in AIDS
patients preexisting or emerging minor subpopulations of vi-
ruses carrying antiprotease-resistant proteases (9, 27, 29, 30).

MATERIALS AND METHODS

Strain and growth media. DHT1 [F2 glnV44(AS) recA1 endA1 gyrA96 (Nalr)
thi-1 hsdR17 spoT1 rfbD1 cya-854 ilv-691<Tn10] is an AC-deficient (cya) deriv-
ative of DH1 that was constructed by cotransduction (24) of the cya-854 mutation
(4) and the ilv-691<Tn10 mutation (38). Transformation of DHT1 was per-
formed by standard techniques (CaCl2 treatment or electroporation) (31). The
growth medium used was the rich Luria-Bertani (LB) medium. Antibiotic con-
centrations were 100 mg of ampicillin, 50 mg of kanamycin, and 25 mg of tetra-
cycline per ml. Screening for the ability to ferment sugars was performed on
MacConkey agar plates containing 1% maltose (24). Indinavir sulfate (Crixivan
[Merck], dissolved in water at a concentration of 20 mM) and saquinavir mesy-
late (Invirase [Roche], dissolved in ethanol at a concentration of 10 mM) were
directly diluted into bacterial growth media at the indicated concentrations.

Plasmids. All in vitro DNA manipulations were performed according to stan-
dard protocols (31) using E. coli XL1-Blue (Stratagene) as the recipient. The
plasmid pUCHIV is an expression vector for the HIV protease. The gene en-
coding this protein was amplified by PCR from plasmid pNH1, which harbors the
Gag/Pol HIV DNA sequence (a kind gift from N. Heveker, ICGM, Paris,
France) by using primers P1 (GCGGTCGACTCATATGGGACTGTATCCTT
TAAC) and P2 (CGCGGATCCAGTTTCAATAGGAC). The amplified se-
quence was cleaved with SalI and BamHI and cloned into the SalI and BamHI
sites of pUC19 (40).

Plasmids pUCB1, pUCB3, pUCV1, and pUCV2 express, respectively, HIV
protease variants B1, B3, V1, and V2 (Table 1) under the control of the lac
promoter. Viral DNAs encoding these variants were isolated from patients’
blood by F. Clavel (Hospital Bichat-Claude Bernard, Paris, France) and ampli-
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fied by PCR using primers P1 and P2 (see above). The amplified DNAs were
then cleaved with SalI and BamHI and cloned into pUC19.

Plasmid pKT25 is a derivative of the low-copy-number vector pSU40 (harbor-
ing a kanamycin resistance selectable marker) (1) that expresses the N-terminal
(T25) fragment (codons 1 to 224) of cyaA under the transcriptional and trans-
lational controls of the lacZ gene. It was constructed by subcloning a 1,044-bp
HindIII-EcoRI fragment from pT25 (13) into pSU40 linearized with HindIII and
EcoRI and then by deleting a 236-bp NheI-HindIII fragment.

Plasmid pKAC is a pKT25 derivative that expresses the full catalytic domain
of AC (i.e., the first 384 codons of cyaA). It was generated by subcloning the
0.9-kb AatII-EcoRI fragment of pCmAHL1 (13) into pKT25.

Plasmid pKACPr expresses an AC-HIV protease chimeric protein in which the
99 residues of the mature HIV protease and its two flanking regions (26 residues
on each side) encompassing the processing sites p5 and p6 (18) were inserted
between residues 224 and 225 of AC. First, a 450- bp-long DNA fragment
encoding the mature HIV protease and its two flanking processing sites (p5 and
p6) was amplified by PCR using plasmid NH1 as the target and oligonucleotides
P3 (GGGGCTAGCGGTAGAGACAACAACTCC) and P4 (CCCGGTACCTT
CTTCTGTCAATGGCC) as primers. The amplified DNA was digested with
NheI and KpnI and subcloned into the corresponding sites of plasmid pACM224
p815A (12). Then a 1,544-bp AatII-EcoRI DNA fragment from the resulting
plasmid was subcloned into the same sites of pKT25. DNAs encoding protease
variants B1, B3, V1, and V2 were similarly amplified with primers P3 and P4

and then subcloned into the NheI/KpnI sites of pKACPr to generate plasmids
pKACB1, pKACB3, pKACV1, and pKACV2, respectively.

Plasmid pKACp5 expresses a recombinant AC in which the p5 HIV protease
cleavage site was inserted between codons 224 and 225 of the AC gene. Two
complementary oligonucleotides, GTACCCCAAAGAGTGATCTGAGGGAA
GTTAAAGGATACAGTG and CTAGCACTGTATCCTTTAACTTCCCTCA
GTCACTCTTTGGG, encoding the amino acid sequence TVSFNFPQITLW
(p5 site), were hybridized and ligated into pKACPr cleaved at the NheI and KpnI
sites.

Analytical methods. b-Galactosidase assays were performed on toluenized
bacterial suspensions, as described by Pardee et al. (26). One unit of activity
corresponds to 1 nmol of o-nitrophenyl-b-D-galactoside hydrolyzed per min at
28°C. cAMP measurements were done by an enzyme-linked immunosorbent
assay as described previously (13).

RESULTS

The catalytic domain of B. pertussis AC (400 amino acids) is
composed of two subdomains, T25 and T18, that are both
required for enzymatic activity (20, 21). It is a remarkably
flexible molecule that can tolerate large in-frame polypeptide
insertions between the two subdomains without loss of its en-
zymatic activity. However, when the fragments T25 and T18
are produced in E. coli as independent polypeptides, they are
unable to reassociate to form an active enzyme (13). Hence, if
a given proteolytic processing site is inserted into the intact AC
between T25 and T18, the AC activity of the recombinant
enzyme should be abolished upon specific cleavage by a site-
specific protease. cAMP production, catalyzed by AC, can be
easily monitored in vivo in E. coli as this molecule, through
specific binding to the catabolic gene activator protein, con-
trols the transcription of catabolic operons, such as lactose or
maltose (35). As a consequence, both Cya1 and Cya2 pheno-
types can be easily scored on indicator plates or selected under
appropriate conditions (Fig. 1): cells which produce cAMP will
be able to use lactose or maltose as a unique carbon source; in
contrast, cells which do not synthesize cAMP are unable to

FIG. 1. Principle of an E. coli protease assay system based on AC. (Left) trans-Proteolysis. T25 and T18 are the two fragments of the catalytic domain of B. pertussis
AC. In ACp5 (encoded by pKACp5), a 12-amino-acid linker corresponding to the p5 processing site of the HIV Gag/Pol polyprotein was inserted between the two
fragments. ACp5 is active and, when expressed in a cya strain, restores a Cya1 phenotype (A). When coexpressed with HIV protease, ACp5 is cleaved at the p5 site
and inactivated; the recipient cells are Cya2 (B). The addition of protease inhibitor prevents proteolytic inactivation and restores a Cya1 phenotype (C). (Right)
Autoproteolysis. In AC-HIV-Pr, the mature HIV protease and its flanking processing sites p5 and p6 were inserted between T25 and T18. This chimeric AC undergoes
autoproteolysis, which results in inactivation of its cAMP-synthesizing activity (D); the recipient cells are Cya2. This processing is blocked in the presence of protease
inhibitors (E).

TABLE 1. Phenotypic assay of HIV protease activity
on liquid culturesa

Plasmids

No inhibitor Indinavir
(200 mM)

Saquinavir
(40 mM)

cAMP
level

b-Gal
activity

cAMP
level

b-Gal
activity

cAMP
level

b-Gal
activity

pKT25 1 pUC19 ,20 100 ,20 100 ,20 100
pKACp5 1 pUC19 3,000 6,200 3,000 6,700 3,000 6,500
pKACp5 1 pUCHIV 75 300 800 2,700 400 3,000

a DHT1 bacteria cotransformed with the indicated plasmids were grown over-
night at 30°C in LB medium plus ampicillin and kanamycin and in the presence
of the indicated HIV protease inhibitors. cAMP levels (in picomoles per milli-
gram [dry weight]) and b-galactosidase (b-Gal) activities (in units per milligram
[dry weight]) were measured as described in Materials and Methods.
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grow on minimal medium plus lactose (or maltose) and are
resistant to the antibiotic mecillinam (10, 35).

First test: proteolysis of AC by HIV protease in trans. To test
the principle described above, we constructed plasmid pKACp5
that codes for a chimeric AC, ACp5, in which an amino acid
sequence, p5, corresponding to one of the processing sites of
the Gag/Pol polyprotein precursor of HIV, was inserted in
frame between the T25 and T18 fragments (Fig. 1). When
transformed in DHT1, an E. coli cya strain, plasmid pKACp5
restored a Cya1 phenotype, as evidenced by the red color of
the colonies on MacConkey-maltose medium (Fig. 2B, panel
1). cAMP and b-galactosidase assays on liquid cultures con-
firmed that these cells express an active chimeric AC (Table 1).
When pKACp5 was cotransformed in DHT1 with a compatible
plasmid that expresses the wild-type HIV protease, pUCHIV,

the cells exhibited a Cya2 phenotype (white colonies on Mac-
Conkey-maltose medium [Fig. 2B, panel 2]). This suggests that
in vivo, ACp5 was split by the coexpressed HIV protease and
inactivated. Indeed, only background levels of cAMP and b-ga-
lactosidase activity were measured in liquid cultures of these
cells (Table 1). In the presence of an HIV protease inhibitor,
saquinavir or indinavir, the Cya1 phenotype of the cells was
restored, as shown on indicator plates (Fig. 2C, panel 2, and
2D, panel 2) and confirmed by cAMP and b-galactosidase
measurements (Table 1). As expected, the inhibitors had no
effect on control cells carrying pKACp5 and pUC19 and did
not inhibit cell growth. These results indicate that the HIV
protease is specifically involved in the ACp5 inactivation in
vivo. In vitro experiments showed that the purified ACp5
polypeptide was specifically and rapidly cleaved when added to
a cellular extract of DHT1 cells expressing the HIV protease
with a concomitant loss of AC activity. Indinavir or saquinavir
fully inhibited this degradation (data not shown).

To further demonstrate that HIV protease specifically
cleaves ACp5 at the p5 site in vivo, DHT1 cells were cotrans-
formed with pUCHIV and pKAC, which codes for the wild-
type AC without the processing site p5. As shown in Fig. 2B,
panel 3, these cells exhibited a Cya1 phenotype indicating that,
in vivo, the wild-type AC was not significantly degraded by the
HIV protease.

Altogether, these results demonstrate that this genetic test,
based on the specific proteolysis and inactivation of a recom-
binant AC, offers a sensitive phenotypic assay for the HIV
protease activity in vivo in E. coli.

We then tried to apply this test to probe for resistance
towards inhibitors of different HIV protease variants isolated
from patients undergoing HAART. Four different variants
provided by F. Clavel (Hopital Bichat) were included in this
study. Two of them, B1 and V1, exhibited normal sensitivity to
saquinavir and indinavir, whereas variants B3 and V2 were
resistant to indinavir and saquinavir, respectively, as deter-
mined in recombinant-virus assays (Table 2). The DNAs en-
coding these modified proteases were cloned in pUC19, and
the resulting plasmids were cotransformed with pKACp5 into
DHT1. As shown in Fig. 2E, DHT1 expressing protease B1,
V1, or V2 exhibited a Cya2 phenotype as expected, whereas
the DHT1 cells that expressed protease B3 exhibited a Cya1

phenotype. This suggested that variant B3 is unable to com-
pletely inactivate ACp5, most likely because of a reduced cat-
alytic efficacy. The decrease in catalytic activity of HIV pro-
tease as a consequence of mutations associated with resistance
to inhibitors has been documented (9, 22, 23, 30, 42). As
expected, when the transformants were plated on MacConkey-
maltose medium supplemented with high concentrations of
indinavir (Fig. 2F) or saquinavir (data not shown), they all
acquired a Cya1 phenotype.

The inability of this test to detect the proteolytic activity of

FIG. 2. Phenotypic assay of proteolysis by HIV protease in trans. (A through
D) DHT1 bacteria transformed with the indicated plasmids (A) were plated on
MacConkey-maltose plates containing ampicillin and kanamycin and supple-
mented with no protease inhibitors (B), 40 mM saquinavir (C), or 200 mM
indinavir (D). Plates were incubated at 30°C for 36 h. (E and F) Phenotypic assay
of mutant HIV protease activities. DHT1 bacteria were cotransformed with
pKACp5 and pUC19 (1) pUCHIV (2), pUCB1 (3), pUCB3 (4), pUCV1 (5), or
pUCV2 (6). Transformants were plated on MacConkey-maltose plates contain-
ing ampicillin and kanamycin and supplemented with either no protease inhib-
itor (E) or 40 mM saquinavir (F). Plates were incubated at 30°C for 36 h.
Transformants plated on plates containing indinavir (200 mM) instead of sa-
quinavir exhibited the same phenotype as in panel F.

TABLE 2. Characteristics of the HIV protease variants

Modified
protease Mutation(s)

Phenotypic resistancea

Saquinavir Indinavir

B1 V77I 1 1
B3 M46I, V77I, V82T 3 13
V1 L63P 1 1
V2 L10I, L63P, L90M 53 4

a Fold increase in the concentration of inhibitors required for 50% inhibition
of the viral replication in recombinant-virus assays (15), compared to wild-type
HIV. These data were kindly provided by F. Clavel.
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the in vivo-active variant B3 precluded its utilization for gen-
eral screening of HIV proteases resistant to antiproteases and
prompted us to design a more sensitive test.

Second test: autoproteolysis of a recombinant AC-HIV pro-
tease fusion protein. In order to increase the sensitivity of our
test, we constructed a chimeric AC, AC–HIV-Pr, in which the
entire HIV protease—a 150-residue fragment from the Gag/
Pol polyprotein precursor, encompassing the mature HIV pro-
tease (99 residues) and its flanking regions (25 residues on
each side), including the processing sites p5 and p6—was in-
serted in frame between T25 and T18 (Fig. 1). When expressed
in DHT1 (Fig. 3B, panel 1), this fusion protein was rapidly
split, due to autoproteolysis, and inactivated; no cAMP was
produced, and the cells displayed a Cya2 phenotype (white
colonies on MacConkey-maltose plates). However, when
plated on MacConkey-maltose medium supplemented with the
protease inhibitor indinavir or saquinavir, the DHT1/pKACPr
cells exhibited a red Cya1 phenotype (Fig. 3C, panel 1, and 3D,
panel 1). This indicates that, in the presence of the protease
inhibitors, the autoproteolysis of AC–HIV-Pr was inhibited
and as a consequence its AC activity was preserved; cAMP
measurements confirmed that this was indeed the case (Fig. 4).
Quantification of the antiprotease effect was carried out in
liquid cultures by determining b-galactosidase activities of
DHT1 cells expressing either parental AC or AC–HIV-Pr. As
shown in Fig. 4, there is a dose-dependent relation between
b-galactosidase activities and cAMP levels of cells expressing
AC–HIV-Pr and indinavir or saquinavir concentrations.

As a control, we constructed a modified form of AC–HIV-
Pr, in which the essential Asp residue at position 25 of the
mature protease was replaced with an Asn residue by site-
directed mutagenesis; this modification has been shown to
abolish the proteolytic activity of the HIV protease (17). As
expected, the resulting chimeric AC, AC–HIV-Pr-D25N, was

not autoproteolytically processed, and when the mutant pro-
tein was expressed in DHT1, the cells displayed a Cya1 phe-
notype (data not shown).

Detection of antiprotease-resistant HIV proteases. We then
tested whether this new design could allow us to detect the
protease activity of variants that are less active than the wild-
type HIV protease, like the B3 variant described above. The
DNAs containing the full protease coding region and the flank-
ing processing sequences were amplified from the variants B1,
B3, V1, and V2 and cloned in frame in place of the wild-type
HIV protease sequence into pKAC-HIV-Pr. The resulting
plasmids were transformed into DHT1, and cells were plated
on MacConkey-maltose plates. As shown in Fig. 5B, all trans-
formants expressing AC-protease fusions, including protease
B3, now exhibited a Cya2 phenotype. This indicates that all
these variants were able to autoproteolyse efficiently in vivo
with a simultaneous inactivation of the AC activity of the
fusion proteins.

When the transformants were plated on MacConkey-mal-
tose medium supplemented with a high concentration of sa-
quinavir (Fig. 5D), they acquired a Cya1 phenotype as expect-
ed. Importantly, with a lower concentration of this inhibitor,
the cells expressing AC-V2 exhibited a Cya2 phenotype where-
as those expressing the AC fused to wild-type protease or other
variants exhibited a Cya1 phenotype (Fig. 5C). These data in-
dicate that under these conditions, protease V2 was still able to
autoproteolyse and inactivate the corresponding fusion pro-
tein, as expected for an antiprotease-resistant variant.

In order to determine whether this system could be used to

FIG. 3. Phenotypic assay of HIV protease autoproteolysis. DHT1 bacteria
transformed with the indicated plasmids (A) were plated on MacConkey-maltose
plates containing kanamycin and either no protease inhibitors (B), 40 mM sa-
quinavir (C), or 200 mM indinavir (D). Plates were incubated at 30°C for 36 h.

FIG. 4. Quantitative analysis of HIV protease inhibition. DHT1 cells were
transformed with pKACp5 (diamonds), pKACPr (circles), and pKT25 (triangles)
and grown at 30°C overnight in LB broth containing kanamycin, in the presence
of the indicated concentrations of HIV protease inhibitors. b-Galactosidase
activities (closed symbols) and cAMP levels (open symbols) were determined as
described in Materials and Methods.
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identify the minor fraction of protease variants that are resis-
tant to a given inhibitor among an excess of sensitive proteases,
we performed a model screening. Plasmid pKACV2 (encoding
the AC-V2 fusion protein, which is resistant to saquinavir) was
mixed with plasmid pKACPr at various ratios (1/1, 1/10, and
1/100) and the different mixtures were transformed into DHT1.
Transformants were plated on MacConkey-maltose medium
supplemented with 20 mM saquinavir or left unsupplemented.
In the absence of the inhibitor, all transformants were Cya2

(results not shown). In the presence of the drug, a mixture of
Cya2 and Cya1 colonies was evidenced; as shown in Fig. 5E to

G, the ratios of Cya2 cells to Cya1 cells paralleled the ratios of
pKACV2 to pKACPr plasmids, suggesting that the Cya2 col-
onies expressed the V2 variant resistant to saquinavir. Plasmid
DNA analysis confirmed that all the Cya2 colonies harbored
pKACV2 whereas all the Cya1 colonies tested harbored pKACPr
(data not shown). These experiments demonstrate that this
genetic test permits an easy distinction, at the phenotypic level,
between antiprotease-sensitive and antiprotease-resistant vari-
ants of the HIV protease. This test could be employed to detect
a minor fraction of HIVs expressing resistance to a given
protease inhibitor among a vast majority of sensitive ones.

FIG. 5. Phenotypic assay of mutant HIV protease activities. DHT1 bacteria were transformed with pKACp5 (1), pKACPr (2), pKACB1 (3), pKACB3 (4), pKACV1
(5), or pKACV2 (6). Transformants were plated on MacConkey-maltose plates containing kanamycin and either no protease inhibitor (B), 20 mM saquinavir (C), or
40 mM saquinavir (D). Plates were incubated at 30°C for 36 h. (E through G) Model screening of an HIV protease mutant resistant to saquinavir. DHT1 bacteria were
transformed with mixtures of pKACV2 and pKACPr at ratios of 1/100 (E), 1/10 (F), and 1/1 (G). Transformants were plated on MacConkey-maltose plates containing
kanamycin and 20 mM saquinavir. Plates were incubated at 30°C for 40 h.
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DISCUSSION

We have designed a powerful genetic test that permits an
easy in vivo characterization of specific proteases in E. coli.
This system relies on coupling of a protease activity to the
degradation of a signaling enzyme, the AC from B. pertussis.
We took advantage of both the modular structure of the cat-
alytic domain of AC and the well-known cAMP signaling cas-
cade in E. coli (13, 21). AC can tolerate large in-frame poly-
peptide insertions between its two subdomains (T25 and T18)
without alteration of its enzymatic activity; therefore, an exog-
enous polypeptide fragment encompassing the proteolytic
site(s) of a given protease can be easily inserted between the
two subdomains of AC to yield an active chimeric enzyme,
which will be inactivated upon selective cleavage. In this study,
either an HIV protease specific cleavage site or the HIV pro-
tease itself with its flanking processing sites was inserted in
frame in AC. Proteolysis or autoproteolysis of the chimeric AC
was efficient enough to abolish cAMP synthesis; as a conse-
quence, the transformed E. coli cells displayed a Cya2 pheno-
type, which could be easily monitored. Addition of protease
inhibitors restored the Cya1 phenotype.

Previous attempts to design a genetic test for HIV protease
in E. coli had limited success mainly because of the low cata-
lytic efficiency of this protease. Most of these genetic assays
were based on the proteolytic inactivation of reporter enzymes
or regulatory proteins such as transcriptional activators or re-
pressors (2, 6, 19, 32, 34). One key feature that determines the
sensitivity of these assays is the extent of inactivation of the
target protein under physiological conditions. In most cases,
the residual activity exhibited by the fraction of uncleaved
target did not allow a phenotypic distinction between cells that
express the specific protease and those that do not.

The sensitivity of the AC inactivation assay is remarkable, as
evidenced by its ability to detect proteolytic activity of modified
proteases that are resistant to therapeutic inhibitors and, as a
consequence, exhibit lower catalytic activity than wild-type
HIV protease. This sensitivity can be accounted for, most like-
ly, by two characteristics of AC (8, 21).

(i) AC exhibits a very low catalytic activity when expressed in
E. coli cya (in the absence of its natural activator, the eukary-
otic calmodulin protein). Therefore, the synthesis of cAMP
required to confer a Cya1 phenotype to the E. coli cya cells
needs a fairly large number of intact AC molecules. Hence,
upon proteolytic inactivation, the fraction of uncleaved AC is
probably not sufficient to maintain a Cya1 phenotype.

(ii) AC is a modular protein that can tolerate large in-frame
insertions between the subdomains T25 and T18. In addition,
the isolated T25 and T18 fragments have no detectable affinity
for each other, and, furthermore, the T18 fragment itself seems
to be largely unstructured (in the absence of its activator cal-
modulin [D.L., unpublished observations]). Therefore, it is like-
ly that the inserted polypeptide sequence, corresponding to a
given proteolytic site, is subject to few structural constraints
and as a consequence might be easily accessible to a coex-
pressed protease. This was probably not the case when pro-
tease-specific cleavage sites were inserted into permissive sites
of enzymes such as b-galactosidase or thymidylate synthase (2,
19).

In addition, the great tolerance of AC to insertions was
shown to be particularly advantageous when the full-length
HIV protease was inserted into AC. Indeed, the autoproteoly-
sis of the protease precursor was found to be more efficient
than the design of proteolysis in trans, and it was therefore
more sensitive in detecting weak protease activity, as shown
here for variant B3.

We have shown here that this genetic test is able to identify
protease variants that are resistant to a given protease inhibi-
tor. When cloned into AC, these protease variants autoproteo-
lysed even in the presence of the inhibitor; therefore, the
transformants displayed a Cya2 phenotype, whereas cells ex-
pressing the wild-type protease were Cya1. It should be pos-
sible to use this genetic test to identify, in HIV-infected pa-
tients undergoing HAART, viral clones that harbor protease
variants resistant to a given inhibitor (3, 7, 16, 41). The ability
to detect, at a very early stage or even before initiation of an
antiprotease treatment, the emergence of HIV variants resis-
tant to given drugs should have major clinical benefits (9, 27,
30).

Due to its simplicity, this genetic approach should be gen-
erally applicable to the cloning of new proteases, to the iden-
tification of target sites of known proteases whose physiologi-
cal target proteins are unknown, or to large-scale screening of
new protease inhibitors. Such screening requires a selection
procedure for cells that express a protease that can inactivate
the target AC. This could be easily set up, as it is known that
Cya2 bacteria are resistant to different antibiotics, including
mecillinam (10), whereas Cya1 cells are sensitive. Alternative
selection modes could be easily engineered by placing toxic
genes under the control of a cAMP/catabolic gene activator
protein-dependent promoter (15).
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